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Abstract Precise identification of low-frequency EGFR L858R mutations is 

crucial for targeted therapy and prognosis in non-small cell lung cancer 

(NSCLC). Here, we present CIRCLE-F/V (CRISPR-based Integrated 

Restriction-assisted Cyclic Loop-mediated Enhancement Fluorescence/Visual 

platform), a dual-mode CRISPR-Cas13a cascade biosensor enabling 

ultrasensitive and specific mutation detection through integrated fluorescence 

and visual readouts. The system combines restriction-assisted mutant 

enrichment with cyclic CRISPR signal amplification. Genomic DNA is 

selectively digested with MscI to eliminate wild-type alleles, followed by T7 

promoter–mediated PCR amplification and in vitro transcription. The resulting 

RNA activates Cas13a-crRNA complexes, initiating both direct reporter 

cleavage and dumbbell-triggered cascade amplification (DTCA) -mediated 

secondary signal enhancement. Under optimized conditions, the fluorescence 

mode achieved a variant allele frequency (VAF) sensitivity of 0.01%, with an 

estimated genomic DNA detection limit of ~3.6 fM in the integrated workflow 

and an RNA detection limit of ~2.16 pM. By replacing the fluorescent reporter 

with a FAM–biotin probe, the visual mode via lateral flow strips was realized 

with a VAF sensitivity of 0.01%. Clinical validation demonstrated complete 

concordance with next-generation sequencing (NGS), accurately classifying as 

high-, low-, and negative mutation samples. By integrating selective allele 

enrichment, cyclic amplification, and dual-mode readout, CIRCLE-F/V 

represents a sensitive, versatile, and clinically adaptable platform for rapid 

EGFR genotyping and early NSCLC screening.

Keywords CRISPR-Cas13a system, EGFR L858R mutation, dumbbell-

triggered cascade amplification, fluorescence, lateral flow assay, biosensor
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1. Introduction

Lung cancer remains the leading cause of cancer-related mortality 

worldwide, accounting for more than two million deaths each year [1, 2]. Non-

small cell lung cancer (NSCLC) represents approximately 85% of cases, with 

mutations epidermal growth factor receptor (EGFR) gene serving as key 

drivers of tumorigenesis and therapeutic response [3-6]. The L858R point 

mutation, a leucine-to-arginine substitution at codon 858 in exon 21 of the 

EGFR tyrosine kinase domain (c.2573T>G at the DNA level), represents one 

of the most prevalent activating mutations in non-small cell lung cancer 

(NSCLC) [7-10]. As a clinically actionable driver mutation, L858R alters the 

ATP-binding pocket of the EGFR kinase, leading to constitutive activation of 

downstream signaling pathways and conferring high sensitivity to EGFR 

tyrosine kinase inhibitors (TKIs) [7]. Consequently, the presence of this 

mutation directly determines patient eligibility for first-line targeted therapies. 

Because such mutations may occur at extremely low frequencies in 

heterogeneous tumor samples or liquid biopsies, precise identification at 

single-nucleotide resolution is essential. High-sensitivity detection is therefore 

critical to avoid false-negative results that could deprive patients of potentially 

life-extending TKI therapy, while also enabling early diagnosis and 

longitudinal disease monitoring. Conventional polymerase chain reaction (PCR) 

and its derivatives such as ARMS-PCR, digital droplet PCR (ddPCR), and 

peptide nucleic acids (PNA) clamping—have improved diagnostic sensitivity 

but remain limited by complex instrumentation, restricted dynamic range, and 

susceptibility to false positives [11, 12-16]. Next-generation sequencing (NGS) 

provides comprehensive genomic profiling yet demands costly equipment, 

long turnaround times, and lengthy data processing, hindering its application 

in routine or point-of-care testing (POCT) [11, 17-19]. Hence, there is an 

urgent need for rapid, accurate, and accessible platforms capable of detecting 

low-frequency EGFR mutations with single-nucleotide resolution. 
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Clustered regularly interspaced short palindromic repeat (CRISPR) loci 

and their associated Cas nucleases constitute an adaptive immune system in 

prokaryotes. Although CRISPR arrays were first described in Escherichia coli 
K12, subsequent studies have demonstrated that CRISPR–Cas systems are 

widely distributed across diverse bacterial and archaeal species [20-22]. 

Leveraging their programmable sequence recognition and collateral cleavage 

activity, CRISPR-Cas-based platforms have rapidly emerged as powerful tools 

for nucleic acid detection [23, 24]. Among these, CRISPR-Cas systems have 

been extensively explored for identifying EGFR mutations, with Cas12a being 

the most widely employed nuclease for detecting the clinically significant 

L858R variant. For instance, Deng and colleagues developed ID‑CRISPR, 

which integrates Cas12a with a DNA hydrogel matrix to detect rare mutant 

alleles with a sensitivity of 0.1% [25]. Similarly, Yuan’s group designed a 

Cas12a crown nanomachine, enabling direct and highly sensitive detection of 

circulating tumor DNA and RNA in undiluted serum with a detection limit of 

0.14 pM for EGFR L858R ctDNA [26]. Although CRISPR-based diagnostic 

platforms have demonstrated remarkable sensitivity, important mechanistic 

differences exist between Cas12a- and Cas13a-based systems. Cas12a 

primarily targets double-stranded DNA (dsDNA) and, upon recognition of a 

complementary DNA sequence containing a protospacer adjacent motif (PAM), 

activates collateral cleavage of non-target single-stranded DNA (ssDNA) 

reporters. While this property enables signal amplification, the strict PAM 

requirement and DNA substrate dependence may limit flexibility in detecting 

single-nucleotide variants. In addition, performance can be influenced by DNA 

template complexity in complex biological samples [27-29]. In contrast, the 

CRISPR–Cas13a specifically recognizes RNA substrates. Upon target RNA 

binding by the Cas13a–crRNA complex, conformational activation of the HEPN 

domains triggers robust collateral cleavage of non-target single-stranded RNA 

(ssRNA) reporters. This RNA-guided recognition mechanism allows precise 

single-nucleotide discrimination without PAM constraints. Importantly, coupling 
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upstream transcription with Cas13a activation enables efficient cascade 

amplification, whereby a single recognition event generates amplified chemical 

signals. These characteristics confer high sensitivity, broad target compatibility, 

and enhanced suitability for detecting clinically relevant single-nucleotide 

mutations [30-33]. 

Conventional CRISPR-Cas13a assays relying solely on a single crRNA–

Cas13a system and a simple ssRNA–FQ reporter often fail to detect ultra-low-

abundance single-nucleotide variants, owing to limited trans-cleavage 

turnover and weak signal amplification. To overcome these inherent 

constraints, additional isothermal or cascade amplification modules are 

typically required to enhance detection sensitivity [34]. CRISPR-Cas detection 

platforms are frequently coupled with isothermal amplification techniques, 

such as RPA, LAMP, and HDA, to enhance analytical sensitivity. Although 

these methods offer rapid amplification without thermocycling, they may 

suffer from non-specific amplification, primer-dependent artifacts, and 

increased false-positive rates [35-39]. To address these limitations, 

structurally engineered probes, including hairpin- and dumbbell-based 

designs, have been incorporated into CRISPR diagnostic systems to achieve 

programmable signal regulation and cascade amplification [40-42]. However, 

hairpin probes may exhibit background leakage due to spontaneous structural 

opening, and previously reported dumbbell-based designs often involve 

complex preparation procedures or limited cascade integration. In contrast, 

the present DTCA-assisted CIRCLE-F/V platform integrates a rationally 

engineered dumbbell-triggered cascade amplification architecture with 

restriction-assisted mutant enrichment and dual-mode signal output, enabling 

enhanced sensitivity and mutation discrimination. Moreover, single-mode 

biosensors—based on either fluorescence or colorimetric outputs—are prone 

to false negatives and offer limited analytical depth when distinguishing 

single-base mismatches [43].

ACCEPTED MANUSCRIPTARTICLE IN PRESS

ARTIC
LE

 IN
 PR

ES
S

ARTICLE IN PRESS



To overcome these limitations, we developed CIRCLE-F/V (CRISPR-based 

Integrated Restriction-assisted Cyclic Loop-mediated Enhancement 

Fluorescence/Visual platform), a stepwise signal amplification system based 

on CRISPR-Cas13a. The platform enables highly specific detection of the 

EGFR L858R mutation via an integrated workflow combining restriction 

enzyme–mediated mutant enrichment, DTCA probe–mediated cascade 

amplification, and dual-mode signal readout. By integrating front-end wild-

type depletion with modular fluorescence and lateral-flow visual readouts, 

CIRCLE-F/V achieves ultrasensitive mutation detection in complex biological 

matrices. The innovation of CIRCLE-F/V lies in its dumbbell-triggered cascade 

amplification (DTCA) module, which couples programmable Cas13a trans-

cleavage with a cyclic signal regeneration process, markedly boosting 

detection sensitivity without complex instrumentation. Additionally, selective 

digestion of wild-type EGFR alleles by MscI effectively suppresses background 

interference, ensuring single-nucleotide-level specificity. Under optimized 

conditions, CIRCLE-F/V achieves femtomolar-level detection and 

discriminates mutant allele frequencies as low as 0.01% (fluorescence) and 

0.01% (visual). CIRCLE-F/V integrates high sensitivity, dual-mode flexibility, and 

operational simplicity, offering a novel and clinically adaptable diagnostic 

platform for EGFR genotyping and early NSCLC mutation screening. 

2. Materials and Methods

2.1 Materials and Apparatus

All oligonucleotides, including PCR primers, crRNAs, DTCA probes, RNA 

fluorescence (5'-FAM/3'-BHQ1) or visual (5'-FAM/3'-biotin) reporters, were 

synthesized and HPLC-purified by General Biol (Anhui, China). Detailed 

sequences and chemical modifications are listed in Table S1. CRISPR-Cas13a 

protein was purchased from Beijing Kexin Biotech (Beijing, China), and the T7 

in vitro transcription kit from Thermo Fisher Scientific (Beijing, China). DNA 

gel extraction and RNA purification kits were purchased from Omega Bio-Tek 
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(USA) and Autobio Engineering (Shanghai, China), respectively. DsRNA 

Ladder was obtained from Beijing Quanshijin Biotechnology (Beijing, China). 

Another marker (Item No. N0363S), capable of resolving lower molecular 

weights, was obtained from New England Biolabs (Beijing, China). RNA 

markers and the restriction enzyme MscI were supplied by New England 

Biolabs (Beijing, China). RNase inhibitor, T4 RNA ligase 2, and RNase R were 

obtained from MedChemExpress (Shanghai, China), Hanhai New Enzyme 

(Wuhan, China), and Beyotime Biotechnology (Shanghai, China), respectively. 

Cas12/13-specific nucleic acid lateral flow strips (catalog no. JY0301) were 

purchased from Beijing Baoying Tonghui Biotechnology Co., Ltd. (Beijing, 

China). The DNA extraction kit (catalog no. RC1102) is from Kaishuo 

Biotechnology (Xiamen) Co., Ltd. (Xiamen, China).

Polyacrylamide gel electrophoresis (PAGE) was performed using a Bio-Rad 

vertical electrophoresis system (Bio-Rad Laboratories, CA, USA), and gels 

were visualized on a 5200-imaging system (Tianneng Technology, Shanghai, 

China). Nucleic acid concentrations were determined using a NanoDrop One 

spectrophotometer (Thermo Fisher Scientific, MA, USA). DNA concentration 

and total mass were measured using a Qubit 4.0 fluorometer (Q33226; Thermo 

Fisher Scientific, MA, USA). Fluorescence measurements were conducted on 

a LightCycler 480 II real-time PCR instrument (Roche Diagnostics, Basel, 

Switzerland) and a WL-16-III constant-temperature fluorescence detector 

(Anpu Future Biotechnology, Changzhou, China). Lateral flow test strips were 

supplied by Beijing Baoying Tonghui Biotechnology Co., Ltd. (Beijing, China).

2.2 DNA Processing, In Vitro Transcription, and RNA Purification

Clinical DNA samples representing multiple EGFR genotypes were 

obtained with informed consent under approval from the Ningbo Clinical 

Pathological Diagnosis Center (approval number: NBPC-NBSZ202501). Wild-

type EGFR DNA was selectively digested with MscI at 37 ℃ for 60 min, 

followed by heat inactivation at 80 ℃ for 20 min. Digestion efficacy was 
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verified by agarose gel electrophoresis, and the desired bands were excised 

and purified. For the preparation of T7 transcription template, PCR 

amplification was performed using an upstream primer containing a T7 

promoter and a conventional downstream primer. Purified PCR products were 

transcribed in vitro using T7 RNA polymerase at 37 ℃ for 1 h, followed by 

DNase I treatment at 37 ℃ for 15 min to remove template DNA. The reaction 

was terminated with 0.5 M EDTA, and RNA was purified and concentrated 

using a spin-column kit. RNA integrity and concentration was confirmed with 

NanoDrop analysis.

2.3 Preparation of DNA Samples with Defined Mutation Frequencies

To prepare samples with defined EGFR L858R mutation frequencies of 

10%, 1%, 0.5%, 0.1%, and 0.01%, wild-type DNA (500 ng) was mixed with 

50 ng, 5 ng, 2.5 ng, 0.5 ng, and 0.05 ng of mutant DNA, respectively. All 

mixtures were prepared using nuclease-free water and stored at -20 ℃ until 

use. 

2.4 Preparation of Dumbbell-Triggered Cascade Amplification (DTCA) Probes

Single-stranded RNA (ssRNA) was heated to 90℃ for 1 minute and gradually 

cooled to 25 ℃ (-0.1 ℃ every 5 s) to allow annealing. The resulting product was 

ligated with T4 RNA ligase 2 in the presence of 50% PEG 8000 and RNase 

inhibitor at 25 ℃ for 4 h. The reaction was quenched with 0.5 M EDTA and 

purified, then treated with RNase R at 37 ℃ for 10 min to remove linear RNA 

species, followed by heat inactivation at 70 ℃ for 10 min. Formation of the 

closed dumbbell structure was confirmed by non-denaturing PAGE and 

quantified by Nanodrop analysis.

2.5 CRISPR-Cas13a Fluorescence Detection

Cas13a protein was pre-incubated with either crRNA-L or crRNA-C at a 

1.5:1 molar ratio at 37 ℃ for 25 min to form the respective Cas13a-crRNA-L 

and Cas13a-crRNA-C ribonucleoprotein complexes. Each 20 µL reaction 
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contained target RNA, DTCA probes, FQ reporters, reaction buffer, and RNase 

inhibitor. Real-time fluorescence signals were recorded at 39 ℃  for 90 

minutes using a Roche LightCycler 480 II system. CrRNA screening 

experiments were additionally validated using the WL-16-III fluorescence 

detector.

2.6 CRISPR-Cas13a Visual Detection via Lateral Flow Assay 

For point-of-care visual detection, reactions were performed as described 

above using FAM-biotin-labeled RNA reporters instead of FQ probes. After 

30 min of incubation at 39 ℃, 50  µL of the reaction mixture was applied to a 

commercial lateral flow strip. Results were read within 10 min. The presence 

of both the control (C) and test (T) line indicated a positive result, while only 

a C line signified a negative sample. 

2.7 Data Analysis

All experiments were performed in triplicate. Data were presented as the 

mean ± SEM. Statistical significance was assessed using two-tailed Student’s 

t-tests (P < 0.05) with GraphPad Prism 10 (GraphPad Software, La Jolla, CA, 

USA). Grayscale analysis of test strip images was performed using ImageJ 

software.

3. Results and Discussion

3.1 Principle and Feasibility of the CIRCLE-F/V Technology Platform 

The CIRCLE-F/V platform establishes a cascade signal amplification 

framework that leverages the collateral cleavage activity of CRISPR-Cas13a 

for ultrasensitive and specific detection of the clinically relevant EGFR L858R 

point mutation in NSCLC. As illustrated in Fig.1, genomic DNA is first digested 

with the restriction enzyme MscI, which selectively cleaved wild-type EGFR 

sequences while leaving the mutant allele intact, thereby minimizing 

background interference (Fig. S1). The undigested mutant templates are then 
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amplified by PCR, during which a T7 promoter is incorporated to enable 

subsequent transcription into RNA using a T7 polymerase system. The 

resulting RNA transcripts serve as substrates for Cas13a-mediated 

recognition and trans-cleavage. 

The detection mechanism involves two Cas13a-crRNA ribonucleoprotein 

(RNP) complexes, --crRNA-L and crRNA-C to establish a dual-layer cascade. 

Upon recognition of the L858R mutant RNA, the Cas13a-crRNA-L complex is 

activated, initiating trans-cleavage of both a fluorophore-quencher (FQ) 

reporter and a dumbbell-triggered cascade amplification (DTCA) probe 

containing a "-UU-" motif. Cleavage of the DTCA probe releases two ssRNA 

fragments complementary to crRNA-C sequence, which subsequently activate 

additional Cas13a-crRNA-C complexes. This cyclic activation process 

generates multiple rounds of FQ probe cleavage, producing a robust and self-

reinforcing fluorescence signal for sensitive mutation detection. For point-of-

care testing (POCT), the same mechanism is translated into a visual detection 

mode using a FAM–biotin dual-labeled RNA probe integrated with lateral flow 

strips. In the absence of the mutation, Cas13a remains inactive and the intact 

FAM–biotin probe binds colloidal gold–anti-FAM antibodies, producing a red 

signal only at the control (C) line. In contrast, the presence of the L858R 

mutation activates Cas13a, cleaving the FAM–Biotin probe and liberating FAM 

fragments that bypass the C line and are captured at the test line, generating 

a visible red signal (Fig.1). The intensity and pattern of the T and C lines thus 

enable rapid, instrument-free determination of mutation status.
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Fig. 1 Schematic illustration of the CIRCLE-F/V technology platform 

based on CRISPR-Cas13a for the detection of EGFR L858R mutation

To evaluate the feasibility of the CIRCLE-F/V system, six reaction 

conditions were examined: (a) no target RNA and no DTCA probe; (b) DTCA 
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probe only (no target RNA); (c) mutant RNA + DTCA probe; (d) wild-type RNA 

+ DTCA probe; (e) mutant RNA without DTCA probe; and (f) wild-type RNA 

without DTCA probe. As shown in the kinetic traces (Figure 2A-i), the baseline 

condition (a) exhibits negligible fluorescence, indicating minimal background 

signal, while the DTCA-only condition (b) shows only slight probe leakage. The 

mutant RNA + DTCA probe group (c) displays a pronounced fluorescence 

increase (~800 RFU), whereas the wild-type RNA + DTCA probe group (d) 

remains at a substantially lower level (<200 RFU). Comparison between 

mutant RNA with and without DTCA (c vs e) reveals a marked signal 

enhancement introduced by the DTCA probe. Importantly, comparison 

between wild-type conditions with and without DTCA (d vs f) shows that wild-

type signals remain consistently low, indicating that DTCA amplification does 

not increase nonspecific background. These results demonstrate that DTCA-

mediated signal amplification is strictly dependent on specific Cas13a 

activation. In combination with upstream MscI digestion, this dual-gating 

mechanism enables high-fidelity single-nucleotide discrimination. Endpoint 

analysis (Figure 2A-ii) further confirms that DTCA significantly broadens the 

diagnostic window (Fmut ≫ Fwt), allowing clear differentiation between mutant 

and wild-type targets.

To isolate the effect of DTCA on Cas13a trans-cleavage output, three 

reaction compositions were compared (Figure 2B): (a) Cas13a–crRNA + target 

RNA + DTCA + FQ reporter; (b) Cas13a–crRNA + target RNA + FQ reporter 

(without DTCA); and (c) Cas13a–crRNA + FQ reporter only. Fluorescence was 

quantified as ΔF = Ft − F0, where Ft represents real-time fluorescence and F0 

represents the initial fluorescence. Inclusion of DTCA (condition a) resulted in a 

steeper initial slope and a higher endpoint ΔF compared with the non-amplified 

system (condition b), corresponding to an approximately fourfold increase at 

80 minutes (Figure 2B-i, ii). Condition (c) remained at baseline, confirming that 

fluorescence output requires reporter cleavage and that ΔF reflects Cas13a 
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trans-cleavage activity. Taken together with the wild-type data in Figure 2A, 

these results suggest that DTCA serves as an efficient cascade amplifier rather 

than a passive signal enhancer. It markedly accelerates signal generation for 

mutant targets without a proportional increase in wild-type background, 

thereby improving the signal-to-background ratio relative to the non-amplified 

system. Non-denaturing PAGE analysis (Figure 2C) revealed a discrete band 

corresponding to the DTCA probe, clearly distinct from the linear ssRNA control. 

The increased electrophoretic mobility and compact band pattern are 

consistent with successful dumbbell circularization. The absence of additional 

bands indicates high purity of the circular product and supports its role as a 

stable amplification trigger.

 To evaluate the restriction step, mixed-allele samples (0.01–10% VAF) 

were analyzed with or without MscI digestion prior to CRISPR detection. 

Readouts are reported as ΔI/I (%), where I0 is the initial fluorescence, I is the 

final fluorescence and ΔI = I − I0. Across all VAFs, MscI pretreatment 

markedly increased ΔI/I for mutation-positive mixtures while suppressing 

background from wild-type alleles (Fig. 2D); improvements were statistically 

significant (****, P<0.0005). Notably, the post-digest ΔI/I values scale with 

VAF, expanding the dynamic range from low-abundance (0.01%) to high-

abundance (10%) samples and confirming that restriction digestion is a critical 

specificity gate in the CIRCLE workflow.
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Fig. 2 Validation of the CRISPR-Cas13a-based assay. (A) Validation of the 

CRISPR-Cas13a fluorescence detection assay. (i) Fluorescence intensity curve; 

(ii) Fluorescence signal bar chart. (B) Evaluation of signal amplification 

mediated by the DTCA probe. (i) Fluorescence intensity curve; (ii) 

Fluorescence signal bar chart. (C) PAGE analysis of the DTCA probe. M: RNA 

Ladder; Probe: DTCA probe. (D) ∆I/I values before and after treatment with 

MscI restriction enzyme. Statistical significance: **** P < 0.0005.
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3.2 Optimization of Experimental Parameters

To maximize the analytical performance of the CIRCLE-F/V platform for 

detecting the EGFR L858R mutation, key biochemical and reaction parameters 

were systematically optimized. Parameters examined included crRNA design, 

Cas13a–crRNA pre-assembly conditions, enzyme concentration, 

ribonucleoprotein (RNP) stoichiometry, and reaction temperature.

3.2.1 Optimization of crRNA design

Previous studies have shown that the location of a mismatch within the 

crRNA spacer strongly affects both target recognition and single-nucleotide 

discrimination efficiency [44, 45]. Guided by this principle, five candidate 

crRNAs were designed with the L858R mutation positioned at different spacer 

sites (Fig. 3A(i)). Each crRNA was tested against wild-type and mutant EGFR 

templates to evaluate signal output and background leakage. As summarized 

in the fluorescence heatmap (Fig. 3A-ii), crRNA4 produced the highest 

fluorescence for the mutant target while maintaining minimal signal for the 

wild-type, yielding the best signal-to-noise ratio. The superior performance of 

crRNA4 is likely attributed to its mutation recognition site lying outside the seed 

region (nucleotides 9–15 from the 5′ end), preserving optimal base-pairing and 

efficient Cas13a activation. In contrast, mismatches located within or adjacent 

to the seed region in the other crRNAs likely disrupted target binding and 

impaired trans-cleavage efficiency [30]. Therefore, crRNA4 was selected for 

all subsequent experiments.

3.2.2 Optimization of RNP assembly and reaction conditions

Efficient assembly of Cas13a–crRNA RNP complexes is crucial for rapid 

activation and strong fluorescence output [46]. The effects of pre-incubation 

time, enzyme concentration, and molar ratio were therefore systematically 

evaluated. 

As shown in Fig. 3B, fluorescence intensity increased progressively with 
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longer pre-incubation, reaching a plateau at 25 min (37 ℃), indicating 

complete RNP formation. Beyond 25 min, no significant improvement was 

observed, suggesting equilibrium binding between Cas13a and crRNA [47, 48].

Cas13a concentration was next optimized from 10 to 400 nM (Fig. 3C). 

Fluorescence intensity rose sharply up to 100 nM, beyond which the signal 

slightly decreased, possibly due to substrate depletion or steric interference 

between enzyme complexes. Therefore, 100 nM was determined as the optimal 

Cas13a concentration. 

Finally, the molar ratio of Cas13a to crRNA was adjusted between 2:1 and 

1:2 (2:1, 1.5:1, 1:1, 1:1.5, and 1:2). A ratio of 1.5:1 produced the strongest 

fluorescence response, whereas excess Cas13a or crRNA reduced cleavage 

efficiency (Fig. 3D), which is consistent with previous findings [46, 49]. This 

configuration was thus adopted for all subsequent assays to ensure maximal 

catalytic efficiency and consistent signal generation.
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Fig. 3 Optimization of experimental conditions. (A) Design and screening of 

crRNAs. (i) Schematic illustration of crRNA design targeting the EGFR L858R 
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mutation site; (ii) Heatmap showing the results of crRNA specificity screening. 

(B) Optimization of ribonucleoprotein (RNP) incubation time. (i) Fluorescence 

intensity curve; (ii) Fluorescence signal bar chart. (C) Determination of 

optimal Cas13a concentration. (i) Fluorescence intensity curve; (ii) 

Fluorescence signal bar chart. (D) Evaluation of the Cas13a-to-crRNA ratio. (i) 

Fluorescence intensity curve; (ii) Fluorescence signal bar chart. 

3.2.3 Optimization of reaction temperature and probe concentrations

Reaction temperature exerts a critical influence on Cas13a conformational 

dynamics and catalytic efficiency [50, 51]. To determine the optimal 

temperature for trans-cleavage, reactions were performed from 35 ℃ to 45 ℃ 

under otherwise identical conditions. As shown in Fig. 4A, fluorescence 

intensity increased with temperature and peaked at 39 ℃, indicating maximal 

enzyme activity and target recognition at this point (Fig. 4A). Temperatures 

above 40 °C caused a modest signal decline, likely due to partial denaturation 

of the crRNA–target duplex. Consequently, 39 ℃ was selected as the optimal 

reaction temperature for all subsequent assays.

Next, the FQ reporter concentration was optimized over a range of 100–

4000 nM [46, 52]. The optimal FQ reporter concentration was evaluated using 

the signal-to-noise ratio (S/N), defined as the fluorescence intensity of the 

858R mutant divided by that of the blank control. As shown in Figure 4B, the 

S/N ratio increased rapidly as the probe concentration rose from 100 nM to 

2000 nM and reached a stable plateau after 30 minutes of reaction. Although 

the 4000 nM group exhibited slightly higher absolute S/N values, its kinetic 

curve (Figure 4B-i) displayed greater signal fluctuations and did not reach a 

stable plateau throughout the reaction. Considering the need for stable 

diagnostic signals, strong background suppression in complex clinical 

matrices, and the diminishing benefits of increasing FQ reporter concentration 

from 2000 nM to 4000 nM, the optimal FQ reporter concentration was thus 

set at 2000 nM.
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To further enhance the amplification cascade, the concentration of the 

DTCA probe was optimized from 50 to 1000 nM. As shown in Fig. 4C, Signal 

gain (ΔI/I0) increased proportionally up to 500 nM and then reached a plateau, 

implying saturation of the secondary amplification step. Thus, 500 nM DTCA 

was adopted as the optimal condition for subsequent assays.

After integrating these parameters, the final optimized reaction mixture 

contained 100 nM Cas13a, 66.7 nM crRNA4, 500 nM DTCA probe, and 2000 

nM FQ probe. The complexes were pre-incubated at 37 ℃ for 25 min, followed 

by detection at 39 ℃ using a real-time PCR platform. Under these optimized 

conditions, the CIRCLE-F/V assay exhibited rapid signal accumulation and 

high reproducibility, providing a robust basis for subsequent analytical and 

clinical evaluations.
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Fig 4. Optimization of Reaction Temperature and Probe Concentrations for 

the CIRCLE-F Detection Platform. (A) Optimization of the reaction 

temperature for CRISPR-Cas13a trans-cleavage activity. (i) Fluorescence 

intensity curves of CRISPR-Cas13a at different reaction temperatures; (ii) 

Corresponding bar plots of fluorescence intensity at different reaction 
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temperatures. (B) Determination of the optimal concentration of fluorescent 

reporting probes in the CIRCLE-F detection method. (i) Dynamics curves of 

signal-to-noise ratio obtained using fluorescent reporting probes of different 

concentrations; (ii) Bar charts corresponding to signal-to-noise ratios at 

different reported probe concentrations. (C) Determination of the optimal 

concentration of the DTCA probe for the CIRCLE-F detection method.(i) 

Fluorescence intensity curves obtained with DTCA probes at different 

concentrations; (ii) Corresponding bar plots of fluorescence intensity at 

different DTCA probe concentrations. 

3.3 Analytical Performance of the CIRCLE-F/V Platform

The analytical performance of the CIRCLE-F/V platform for detecting 

the EGFR L858R mutation was evaluated under optimized reaction conditions. 

3.3.1 Sensitivity 

As shown in Figure 5A, fluorescence intensity increased proportionally 

with target RNA concentrations ranging from 1 to 10,000 pM, demonstrating 

a wide dynamic range. A strong linear relationship was observed between the 

relative fluorescence change (ΔI/I) and the logarithmic concentration of target 

RNA, with a regression equation of Y = 24.33X − 3.892 (R2= 0.9301) (Figure 

5B). A calibration curve was constructed by plotting fluorescence intensity 

against the log10-transformed RNA concentration. The limit of detection (LOD) 

was calculated in the logarithmic domain using the 3×SD/slope method 

according to: LODlog = 3 × SD/k. where SD represents the standard deviation 

of blank measurements and k denotes the slope of the calibration curve. The 

calculated logarithmic LOD was 0.3343, corresponding to log10(CLOD). The 

LOD in absolute concentration units was obtained by inverse logarithmic 
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transformation: CLOD=10LODlog, yielding an RNA LOD of 2.16 pM. This value 

represents the intrinsic analytical sensitivity of the Cas13a detection module 

toward RNA targets. Because genomic DNA samples require PCR 

amplification and in vitro transcription prior to Cas13a detection, the genomic 

DNA detection limit was not directly measured. Instead, it was estimated 

based on the experimentally determined RNA LOD and the amplification 

efficiency of the upstream reactions. Repeated experiments demonstrated a 

stable upstream amplification efficiency of approximately 600-fold. 

Accordingly, the estimated genomic DNA LOD was 3.6 fM. This value 

represents the theoretical sensitivity of the integrated workflow rather than a 

directly measured analytical detection limit. Ultimately, these results confirm 

the femtomolar sensitivity of the system and highlight the ultrasensitive 

performance of the CIRCLE-F/V platform.

3.3.2 Detection of low-frequency variants

Given the clinical relevance of variant allele frequencies (VAFs) in NSCLC 

management [34, 53], we further evaluated the platform’s ability to detect rare 

mutant alleles. DNA mixtures containing L858R mutation frequencies of 10%, 

1%, 0.5%, 0.1%, and 0.01% were analyzed. As shown in Fig. 5C, the CIRCLE-

F/V platform achieved a VAF sensitivity of 0.01%. According to previously 

published reports, conventional PCR-CRISPR/Cas13a detection methods 

typically achieve a minimum detectable mutation frequency of approximately 

0.1% VAF [54-56], while most NGS-based approaches detect mutations at ≥1% 

VAF [57]. These comparisons indicate that the CIRCLE-F/V platform provides 

enhanced relative to representative conventional approaches reported in the 

literature. This high sensitivity enhancement highlights the benefit of 
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integrating DTCA-mediated amplification into the Cas13a system.

3.3.3 Dual-mode visualization and point-of-care applicability

 To adapt the system for rapid point-of-care detection, the FQ reporter 

was replaced with a FAM–biotin dual-labeled RNA probe compatible with 

lateral flow strips (Fig. 5D and Table S2). Figure 5D-i schematically illustrates 

the working principle of the lateral flow strip in the CIRCLE-F/V visual mode. 

Specifically, the conjugate pad contains colloidal gold-labeled anti-FAM 

monoclonal antibodies. The control line (C line) is coated with streptavidin, and 

the test line (T line) is coated with sheep anti-mouse secondary antibodies. The 

sample migrates along the strip via capillary action, sequentially passing the 

conjugate pad, control line, test line, and absorbent pad. In the absence of 

target RNA, the CRISPR–Cas13a system remains inactive and the FAM-biotin 

reporter stays intact. The intact reporter binds the gold-labeled anti-FAM 

antibody via the FAM moiety, forming a gold–antibody-reporter complex. Upon 

reaching the control line, the biotin moiety binds streptavidin, immobilizing the 

intact reporter complex at the control line. Due to the strong biotin-streptavidin 

interaction and steric stabilization, the complex does not migrate further to the 

test line. As a result, gold nanoparticles accumulate at the control line, 

producing a visible control signal, which is interpreted as a negative result. 

When target RNA is present, activated Cas13a cleaves the reporter into FAM-

labeled and biotion-labled fragments. The FAM-containing fragments remain 

associated with the gold-labeled anti-FAM antibody and migrate beyond the 

control line, while biotin-containing fragments are captured at the C line. The 

gold–anti-FAM antibody complexes are subsequently captured at the test line 

by the anti-mouse secondary antibodies, producing a visible test signal. 

Complete reporter cleavage results in a test-line signal only, whereas partial 

cleavage may yield both control and test signals. Therefore, the presence of a 

test-line signal (with or without a control-line signal) is interpreted as a positive 

result. Therefore, in this study, the T and C lines of the strip enabled intuitive 
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visual interpretation within minutes. Wild-type samples yielded only a C line, 

whereas mutant samples at ≥ 0.5% VAF produced clear T lines, whose 

intensity scaled with mutation frequency. Even at 0.01% VAF, a faint but 

distinguishable T line was observed, setting the visual detection threshold at 

0.01% VAF ((Fig 5D(ii)). Grayscale quantification (Image J) yielded mean T/C 

ratios of 0.65 for wild-type, 0.98 for 0.01% mutant, and > 1.0 for all higher 

mutation levels, with T/C ≥ 0.98 defined as the diagnostic cutoff for positive 

mutation identification.

3.3.4 Specificity and reproducibility

Assay specificity was assessed against potentially interfering genomic 

variants, including EGFR 19del (mutant and wild-type), KRAS G12C (mutant 

and wild-type), and ALK fusion–positive templates (each 1 nM). As shown in 

Fig. 5E, only the L858R mutant generated a strong signal, while all other 

variants remained near background, demonstrating excellent single-

nucleotide specificity. The accuracy and precision of the CIRCLE-F/V workflow 

were assessed across multiple independent runs using EGFR L858R RNA 

samples spanning a concentration range of 1-1000 pM. The coefficient of 

variation (CV) for both intra- and inter-batch measurements was below 8%, 

indicating high repeatability of the platform within the tested picomolar 

concentration range (Table 1.1). Additionally, experimental accuracy and 

reproducibility of CIRCLE-F/V platform samples at different VAF levels were 

evaluated using a uniform target concentration of 2 pM. Variations measured 

within and between groups did not exceed 8% (Table 1.2). These results 

indicate that the quantitative performance of RNA detection remains 

consistent under the tested conditions. Notably, the detection limit (3.6 fM) 

for genomic DNA at the femtomolar level represents a theoretical estimate 

derived from the experimentally determined RNA LOD (2.16 pM) and the 

calculated upstream amplification efficiency.

ACCEPTED MANUSCRIPTARTICLE IN PRESS

ARTIC
LE

 IN
 PR

ES
S

ARTICLE IN PRESS



Fig 5. Performance evaluation of the CIRCLE-F/V technology. (A) 

Fluorescence intensity at varying concentrations of the target RNA. (B) 

Calibration curve constructed from the logarithmic concentration of the target 

RNA versus Δ I/I ₀ . (C) Detection of different mutation frequencies. (i) 
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Fluorescence intensity curves; (ii) Bar chart of fluorescence signal intensity. 

Statistical significance: ***P < 0.0005. (D) Detection performance of the 

CIRCLE-F/V visual detection mode. (i) Schematic illustration of the working 

principle of the test strip in the CIRCLE-F/V visual detection mode; (ii) Visual 

detection results of genes with different mutation frequencies using the 

CIRCLE-F/V mode. (E) Specificity analysis of the CIRCLE-F/V technology for 

detecting different gene variants. (i) Fluorescence intensity curves; (ii) Bar 

chart of fluorescence signal intensity. 

Table 1.1 Repeated experiments at different concentrations

Coefficient of variation (%)
Sample concentration 

(pM)
Intra-group (%) Inter-group (%)

100 3.03 2.89

101 3.00 0.59

102 6.59 3.99

103 4.28 7.39

Negative control 7.40 2.60

Table 1.2 Repeated experiments across different VAF levels

Coefficient of variation (%)Variable allele 
frequency (%)

Intra-group (%) Inter-group (%)

0.01 7.81 6.91

0.1 2.62 2.01

0.5 4.56 4.39

1 4.92 1.75

10 3.60 2.01
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NC 7.05 3.17

Most previously reported fluorescence-based assays achieve either a low 

detection limit or the ability to discriminate low variant allele frequencies 

(VAFs), but rarely both (Table 2). In contrast, the CIRCLE-F/V system 

developed here uniquely combines femtomolar-level sensitivity (3.63 fM) with 

precise discrimination of rare alleles (0.01% VAF in fluorescence mode and 

0.1% in visual mode) while offering dual readouts—quantitative fluorescence 

and qualitative lateral flow visualization. By integrating a dumbbell-triggered 

cascade amplification (DTCA) with Cas13a-mediated trans-cleavage, CIRCLE-

F/V enhances both analytical versatility and clinical applicability, 

demonstrating the potential of Cas13a-based diagnostics for precision lung 

cancer genotyping.
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Table 2  A comparison of representative CRISPR-Cas platforms developed for EGFR L858R mutation detection

Biosensor CRISPR-Cas type Signal output mode Detection limit
The lowest detected 

mutation frequency
References

PER-CRISPR-
Cas14a 

electrochemical 
biosensor

CRISPR-Cas14a Electrochemical 
mode

0.34 fM N.A. [6]

BM-TOA system CRISPR-Cas12a Fluorescence mode N.A. 0.1% [58]

CRISPR-Cas12a 
Corona 

Nanomachine

CRISPR-Cas12a Fluorescence mode 0.14 pM N.A. [26]

CASMART CRISPR-Cas12a Fluorescence mode 3 copies·µL-1 0.1% [59]

HiCASE CRISPR-Cas13a Fluorescence mode N.A. 0.01% [12]
CIRCLE-F/V CRISPR-Cas13a Fluorescence 

mode&Visual mode
3.63 fM 0.01%(Fluorescence)

0.01%(Vision)
This work
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3.4 Application of CIRCLE-F/V in Clinical Samples

To validate the clinical feasibility of the CIRCLE-F/V platform, its 

performance was benchmarked against NGS, the current gold standard for 

EGFR genotyping (Figure 6A). A total of 11 clinical DNA samples were 

obtained from the Ningbo Clinical Pathology Center, including seven EGFR 

L858R–positive and four wild-type cases. According to NGS analysis, Samples 

1 and 2 exhibited the highest mutation frequencies (10.85% and 10.57%), 

followed by samples 3 and 4 (9.42% and 9.91%), samples 5 and 6 (4.90% and 

5.99%), and sample 7 with the lowest abundance (2.31%), whereas samples 8–

11 were confirmed as mutation-negative (0 %). Detailed NGS information for 

clinical samples, including sample sources, sequencing methodology is 

provided in Section 2 of Supplementary Information "2. Clinical Sample 

Collection and NGS Analysis".

3.4.1 Fluorescence mode (CIRCLE-F)

As shown in Fig. 6B, the fluorescence assay accurately classified all 11 

samples, with fluorescence signals correlating strongly with the NGS-derived 

mutation frequencies. The CIRCLE-F results demonstrated full concordance 

with NGS, confirming that the platform can reliably distinguish between high-, 

low-, and non-mutant samples.

3.4.2 Visual mode (CIRCLE-V)

Lateral flow strip analysis was performed to evaluate the clinical 

applicability of the CIRCLE-F/V platform (Figure 6C). For mutation-positive 

samples (1-7), distinct red bands were observed on both the control (C) and 

test (T) lines, and T-line intensity correlated with NGS-derived mutation 

abundance. For samples 8–11, which were classified as wild-type by NGS, faint 

T-line signals were occasionally observed likely due to nonspecific adsorption 

of gold nanoparticles. However, quantitative grayscale analysis using ImageJ 

demonstrated that all corresponding T/C ratios remained below the predefined 
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diagnostic threshold (0.65), and these samples were therefore classified as 

negative. To minimize subjectivity, per-sample T/C ratios for all clinical 

specimens are provided in Supplementary Table S4. All mutation-positive 

samples exhibited T/C values >0.65, whereas samples 8–11 were below this 

threshold. NGS designation of samples 8–11 as "0% VAF" indicates mutant read 

counts below the reporting threshold (20) and below the assay LOD (1%) under 

high-depth sequencing conditions. While variants below this threshold cannot 

be completely excluded, the weak T-line signals observed in these samples are 

most likely attributable to background adsorption or stochastic signal variation 

rather than confirmed low-frequency mutations. As shown in Figure 6D, 

fluorescence-mode results and quantitative visual-mode classification were 

concordant with NGS findings, supporting the reliability of the defined 

diagnostic threshold. 
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Fig. 6 Detection of clinical samples using the CIRCLE-F/V detection platform. 

(A)Schematic diagram illustrating the workflow of NGS and CIRCLE-F/V 

analyses for detecting cancer mutations in patient clinical samples. (B) 

Fluorescence-based detection of 11 clinical samples using the CIRCLE-F/V 

platform, from left to right, experimental groups 1-4 (blue) represent high-

mutation samples, groups 5-7 (green) represent low-mutation samples, and 

groups 8-11 (yellow) correspond to wild-type samples. **** P < 0.0005; ** 

P < 0.05. (C) Visual signal detection performance of the CIRCLE-F/V platform 

across 11 clinical samples, Among these, samples 1–4 constitute the high-

mutation group, samples 5–7 constitute the low-mutation group, and samples 
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8–11 represent the wild-type group. (D) This study compares the sensitivity 

and specificity of NGS, CIRCLE-F, and CIRCLE-V for identifying L858R 

mutations.

4. Conclusion

In summary, we developed a CRISPR-Cas13-based cyclic signal 

amplification system, termed CIRCLE-F/V, which employs dumbbell-shaped 

triple cascade amplification (DTCA) probes for ultrasensitive detection of 

EGFR L858R point mutations in lung cancer. By replacing conventional 

fluorescent reporters with FAM–biotin-labeled probes, the platform also 

enables convenient and intuitive visual readout via lateral flow strips. 

Compared with conventional PCR and next-generation sequencing (NGS) 

methods, CIRCLE-F/V exhibits higher sensitivity and specificity, improved 

repeatability, and user-friendly operation, making it well suited for resource-

limited settings. Under optimized conditions, the fluorescence mode enables 

rapid and sensitive detection of genomic DNA at an estimated cost of 

approximately $2.3 per sample. The fluorescence mode exhibits a dynamic 

detection range of 1–10,000 pM for the L858R mutation, with an estimated 

theoretical detection limit of 3.6 fM for genomic DNA samples, and enables 

reliable identification of low-frequency variants with variant allele frequencies 

(VAFs) as low as 0.01%. The visual mode enables convenient detection of 

mutations in genomic DNA, with an estimated cost of approximately $4.5 per 

sample and a VAF sensitivity of 0.01%. Validation using clinical samples 

demonstrates that CIRCLE-F/V fluorescence detection accurately classifies 

samples into high-mutation, low-mutation, and mutation-negative groups, 

showing complete concordance with NGS results. The lateral flow test strip 

allows rapid discrimination between positive and negative samples. These 

findings highlight the clinical applicability and translational potential of the 

CIRCLE-F/V platform for diagnostic applications. In addition, the platform can 

be readily reconfigured to detect other target mutations by simply replacing 
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the corresponding crRNA. Collectively, these features establish CIRCLE-F/V 

as a universal and practical tool for lung cancer genotyping, as well as a 

promising approach for sensitive and convenient mutation detection in both 

clinical and field settings.
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